In the western Palaearctic, the Mediterranean zone is an important region where taxa and genes of thermophilous organisms are preserved during glacial stages and new clades are generated. This is achieved through the existence of refugia over Mediterranean Europe and North Africa, where organisms persisted and continued to evolve during the cold phases. However, it is not clear in detail how these refugia function for the maintenance of ancestral taxa, the evolution of new taxa, and as launching pads during postglacial colonizations of northern Europe. One outstanding issue is the incongruence of findings from different marker systems. For the butterfly Maniola jurtina, morphometry and allozyme data analyzed for populations scattered over Europe and North Africa show congruent patterns for Sicily and the Maghreb but produce discrepant results for the Italian mainland. This discrepancy between allozyme and morphological data can be explained by recent gene flow in the wake of postglacial range expansions and shifts. It is evident that colonization histories are far more complex than originally considered. We highlight different aspects of colonization and evolutionary history emerging from the joint use of different marker systems and advocate multiple uses of different markers in paleobiogeographic reconstructions to explore evolutionary events and colonization pathways.
INTRODUCTION
The biogeographical effects of extinctions and (re)colonizations from the main southern European refugia have been explored intensively during the last few decades (Reinig, 1937; de Lattin, 1967; Dennis, Williams & Shreeve, 1991 , 1998 Dennis, Shreeve & Williams, 1995; Taberlet et al., 1998; Hewitt, 1999 Hewitt, , 2000 . Hewitt (1999 Hewitt ( , 2000 discriminated amongst these complex range shifts over Europe by distinguishing three model patterns of southern refugia with different recolonization tracks; subsequently, a further model pattern has been identified (Habel, Schmitt & Müller, 2005) . In detail these are: (1) the hedgehog paradigm with postglacial northwards expansion from all southern European refugia; (2) the grasshopper paradigm with postglacial expansion from Iberia and southeast Europe; (3) the bear paradigm with postglacial range expansion from Iberia and the Balkans (note that the refuge area of Ursus arctos was more to the north than in the bear paradigm); and (4) the butterfly paradigm with expansion out of Italy and the Balkans. These paradigms are mostly triggered by the different barrier functions of the mountain ranges of the Alps and Pyrenees and thus varying degrees of isolation of the Iberian and Italian lineages.
The theoretical number of colonization pathways after relaxation of glacial climatic conditions depends on the number of refugial blocks on which populations of a taxon may have survived at Mediterranean latitudes ( Fig. 1) . Two types of pathways need to be distinguished because a taxon can spread both latitudinally (north-south) and longitudinally (eastwest) (Hewitt, 1999 (Hewitt, , 2000 Schmitt, 2007; Dapporto et al., 2009; Dapporto, 2010a) . With three Mediterranean refugial blocks (Iberia, Italy, Balkans), there are seven possible northward pathways and, independently, a maximum of two lateral movements out of a set of four based on the occurrence of lateral interactions (Fig. 1) . Potential for interactions between longitudinal and latitudinal movements suggests that a large number of different recolonization tracks may have occurred in different taxa. Moreover, it is well known that multiple refugia within major refugial land blocks have often occurred, further complicating the picture (Schmitt et al., 2006) . This large spectrum warns against assuming undue simplicity and suggests the need for indepth multidisciplinary assessments before any conclusion is drawn.
Recently, two studies have advocated the existence of completely different biogeographical and evolutionary patterns for the same butterfly species. Dapporto et al. (2009) examined male genitalia of the meadow brown Maniola jurtina and revealed that populations from North Africa are very similar to those inhabiting Spain and the West Mediterranean islands, although they differ substantially from those populations found on the Italian mainland. Habel et al. (2009) analyzed the pattern of allozyme variation for the same species over the same geographical region; they revealed the same close similarity not only between populations in North Africa and Sicily, but also between populations in these areas and others on the Italian Peninsula. Different results from allozymes and morphology in analyzing the same biogeographical question illustrate the need for caution in the interpretation of biogeographical patterns, which not only may be more complex than usually considered, but also provide tools for disclosing complex histories.
THE ENIGMATIC M. JURTINA
The case of M. jurtina is a model example demonstrating contradictory and concordant biogeographical patterns for species displaying similar clade distinctions and geographical ranges: specimens from mainland Italy, Sicily, and North Africa share the same allozyme set which comes into contact with an Iberian and a Balkan lineage in southern Central Europe (Alps, northernmost Italy) (Habel, Dieker & Schmitt, 2009) . By contrast, specimens from mainland Italy share a shape of genitalia with specimens from the Balkan Peninsula and most of East and Central Europe (Thomson, 2011; Dapporto et al., 2009) ; however, populations in Sicily, Sardinia, Malta, and the Balearic islands have the Spanish-North African shape of genitalia, whereas populations from Corsica and the Italian islets (Elba, Pianosa, Giglio, Ischia, and Capri) have intermediate morphotypes (Thomson, 2011; Dapporto et al., 2009; L. Dapporto, unpubl . data for Ischia). Thus, based on morphometric measurements, populations on the circum-Italian islands differ markedly from those on the adjacent Italian mainland, although the same is not the case for islands off Spain and the Balkans (Balearics, Crete, and Zakynthos; Thomson, 2011; Dapporto et al., 2009; L. Dapporto, unpubl . data for Zakynthos) ( Fig. 2A) .
The evolution of these differences in patterns between genetic and morphological characters is still in need of interpretation. The discrepancy may be explained by different evolutionary pressures on the two distinct genetic and phenotypic traits. This may result in dissimilar dynamics of gene flow occurring during range expansion. Such differential dynamics in gene distribution has been demonstrated for several organisms (Currat et al., 2008; Excoffier, Hofer & Foll, 2009) . Simulation and empirical studies have shown that the genomes of the invading taxa are largely replaced by those of the local populations (Currat et al., 2008; Excoffier et al., 2009) . In particular, Currat et al. (2008) revealed that, in more than 80% of reviewed studies, gene flow is directed from resident to invasive taxa. These studies revised and modelled genetic introgression between different species. However, there is no reason to hypothesize that the same mechanisms also operate among putative conpecific lineages in M. jurtina. We therefore postulate that when individuals of M. jurtina from the Balkans colonized mainland Italy, they were more efficient competitors, driving the resident population to extinction. However, before this happened, the foreign population was able to capture (by gene flow) some adaptive genes from the resident population.
There is substantial evidence that phenotypic traits in butterflies may be under strong evolutionary and ecological pressures and may evolve as a rapid response to environmental conditions (Dennis & Shreeve, 1989; Shreeve, Van Dyck & Konvicka, 2009; Otaki et al., 2010) . However, this applies mainly to traits linked to external morphology (wing shape, size, coloration), whereas the same phenomenon is not expected to occur for genes controlling genitalia shape, which is probably not under strong environmental selection (Mutanen et al., 2007; Gilligan & Wenzel, 2008) . By contrast, when a comparative analysis was conducted on butterflies, genitalia have shown a high correlation with genetic characteristics not evident for wing shape (Cesaroni et al., 1994) . Moreover, Dapporto et al. (2009 Dapporto et al. ( , 2011 ) demonstrated large differences in genitalia between the Tuscan islands and the nearest (<10 km) fossil islands connected to the mainland. Because islands and fossil islands in Tuscany are virtually identical with respect to ecology, geology, and geography, they should have the same genitalia shape if this trait has been influenced by ecological conditions. For this reason, we consider that genitalia shape is a neutral genetic marker with respect to ecological influences (Dapporto et al., 2011) .
The great variability of allozymes in butterflies often furnishes impressive results comparable to those obtained with microsatellite analyses (Habel et al., 2011) . Such evidence suggests evolutionary neutrality of most allozymes (Schmitt, 2007 (Schmitt, , 2009 ), although some loci were repeatedly observed as being under environmental selection, as reported in butterflies for the PGI, PGM, and G6PDH loci (Watt, 1977 (Watt, , 1983 Watt, Donohue & Cater, 1996; Karl, Schmitt & Fischer, 2009 ), including M. jurtina (Goulson, 1993) . Of the two loci most clearly separating lineages in M. jurtina, one (G6PDH) belongs to the group frequently being found under selective pressure, whereas the other is not known as a selective marker (PEP); on the other hand, the two loci most often observed as being selected (PGI, PGM) show no major differences among lineages or gradients within lineages. Thus, allozymes not only represent neutral markers, but also markers undergoing environmental selection (Van Oosterhout, Van Heuven & Brakefield, 2004) . The emergence of a new set of allozymes therefore could spread rapidly over large areas occupied by different genetic lineages, which could maintain other specific characteristics. However, an opposite phenomenon can occur in which resident genes selected in particular environments are expected to be assimilated into the invading population. During a hypothetical invasion from the Balkans, foreign allozymes (selected because advantageous in another context) might have been selected against, whereas individuals into which allozymes of the resident population have been introgressed received an advantage. Thus, a situation can be envisaged where an immigrant population with the Balkan genitalia shape might well have accumulated Italian allozymes in its genome.
THE BIOGEOGRAPHICAL ANOMALY OF ISLANDS
In the context of major environmental changes, islands have generally been considered as areas where species are likely to have relatively short lifespans owing to the combined effects of higher extinction rates and higher speciation rates compared to mainland areas (Whittaker, 1998; Losos & Ricklefs, 2010) . On the other hand, islands are also well known to present conservative faunas and biotopes. Many, once widespread, taxa only survived on islands after mainland areas were invaded by more successful competitors; these island taxa thus persist as paleoendemics (Whittaker, 1998; Karanth et al., 2005; Jones et al., 2009) . However, the persistence of such paleoendemics is inevitably a phenomenon limited by time, owing to extinction, speciation, and invading competitors, although the process may be delayed (Myers & De Grave 2000) . Such a delay has been directly demonstrated for the fossil vertebrate fauna of West Mediterranean islands by Masini et al. (2008) . In their study, the authors show that no exchanges have occurred between islands and the mainland, that the environment has not been adversely affected by climate changes, and that many organisms (e.g. mammals) have persisted considerably longer on Sardinia than on the Italian mainland. Masini et al. (2008) thus demonstrated that large and isolated islands may represent more stable refugia than the neighbouring mainland. Hewitt (1999 Hewitt ( , 2000 emphasized the importance of the three main peninsulas (Iberian, Italian, and Balkan) as refugia during cold periods; in addition, we suggest that inertia in both glacial and interglacial periods is one of the most important phenomena shaping the distribution of butterflies in the Mediterranean area, especially on the large Mediterranean islands and in North Africa. Where island populations are characterized by such strong inertia, there is a vital corollary: populations from such islands may be considered to be, in effect, living fossils, ancestral indicators of which species and genetic lineages occupied neighbouring mainland areas in the more or less recent past. Dapporto et al. (2009 Dapporto et al. ( , 2011 also suggested that the inertia of an island taxon should correlate directly with its geographical area and indirectly with its isolation; distant islands are predicted to receive a smaller number of immigrants and large islands host larger populations that are predicted to take a longer time to be replaced (MacArthur & Wilson, 1967) . This hypothesis is supported by the fact that hybrid populations of M. jurtina occur on small islands that are located close to the Italian mainland (Capri, Ischia, Elba, Pianosa, Giglio) and, only partially, on Corsica, although not on Sardinia (see above) (Fig. 2B) .
THE REPETITIVENESS OF THE
M. JURTINA PATTERN Altogether, the different patterns of M. jurtina morphology and allozymes suggest: (1) the existence of ancient widespread populations in the western Mediterranean areas and islands ( Fig. 2A ) subsequently replaced in Italy by an invading group from the Balkans; (2) the resistance of an ancestral set of allozymes against the invading population; and (3) the persistence of both an ancestral allozyme set and morphology in island populations not accessed by massive invasions of foreign individuals (Fig. 2B) . Finally, concordance between morphology in Greece as well as Zakynthos and Crete, suggests that the eastern lineage of M. jurtina did not enter Europe from Russia and/or Asia Minor but already occupied the Balkan area during the last Würm glacial advance, as suggested by Schmitt, Röber & Seitz (2005) . In this model case of a recent replacement of the Balkan populations, similar discordances as in the case of Italy and its islands would be observed and not homogeneous structures. The question arises as to whether these results reflect a more general biogeographical scenario. Habel et al. (2008) demonstrated a close genetic similarity between Europe and Morocco for the butterfly Melanargia galathea supporting a relatively recent connection. However, these North African populations have a higher genetic variability compared to those in Europe, thus making the former region the most likely centre of origin for this species. However, sequencing of mitochondrial (mt)DNA shows remarkable differentiation between north-west Africa and all other European provinces (Nazari, Ten Hagen & Bozano, 2010) . Similar differentiation at the mtDNA level was also observed for Parage aegeria (Weingartner, Wahlberg & Nylin, 2006) and Lycaenid butterflies (Wiemers, Stradomsky & Vodolazhsky, 2010) . From the allozyme pattern of M. galathea and the absence of the species from most parts of Iberia (where it is replaced by Melanargia lachesis; García-Barros et al., 2004) , a scenario of immigration of M. galathea from the Maghreb via Italy to Europe is suggested. Furthermore, similarities in allozyme patterns between Italy, Sicily, and North Africa have been confirmed in other Satyrinae and Lycaenidae butterflies (Habel et al., 2010) ; thus, that Italy, Sicily, and Northern Africa were probably linked by gene flow in butterflies and other similarly mobile taxa during Pleistocene glacial maxima. On the other hand, Dapporto (2010a) and Dapporto et al. (2011) have demonstrated that a number of Satyrinae butterflies show a similar intraspecific morphological pattern to M. jurtina across the Strait of Sicily and concluded that this is a common pattern in genital morphology linking most western Mediterranean islands with North Africa, Spain, and France. In this context, it would be helpful to know the allozyme patterns of populations from islands other than Sicily.
In view of these observations, an ancillary problem requiring explanation is why the Italian Peninsula has been so often invaded compared to Iberia, France, and North Africa. It has to be noted that the Italian Peninsula has a relatively small land area compared to France and Iberia and is located close to the large Balkan area. If the Dapporto et al. (2009 Dapporto et al. ( , 2011 hypothesis is correct and populations on large land areas require more time to be replaced, then Italy is predicted to maintain its ancestral populations for a shorter period. The narrow Italian peninsula is more susceptible to incursions and less able to maintain its ancestral populations than Iberia and the Balkans. From this perspective, Satyrinae and Lycaenidae butterflies not only appear to have the dispersal capacity to facilitate spread throughout mainland areas, during both cold and warm periods, but also sufficient potential to persist on islands, even in the face of invasion, the basis for the inertia phenomenon. The end product is discordant populations among islands, even neighbouring ones, in addition to discordance with those on the nearest mainlands.
The dynamics of distributions hypothesized in the present study suggests that sufficient gene flow occurred across sea straits to ensure cohesiveness during glacial stages among populations of butterfly species on the southern European mainland and islands, as well as in North Africa (Fig. 1) . It is noteworthy that a higher rate of sea crossing between Italy and North Africa and between mainland and islands is expected during Pleistocene cold stages than during the current warm stage, owing to the lowered sea level and therefore the reduced distances between land masses. For example Elba, Pianosa, Ischia, and Capri were connected to the Italian mainland during glacial maximum advances. The distance between Sicily and North Africa was reduced from the current 140 km to approximately 50 km, with the crossing interspersed with island stepping stones. Corsica was connected to Sardinia and both were less than 40 km from Italy rather than the current distance of approximately 60 km. Moreover, the ancestral lineages could have survived in the south of Italy and on many islands (e.g. Corsica and Tuscan Archipelago). Re-colonization of vacated islands by the ancestral lineages could have occurred in the immediate postglacial when climatic conditions were already favourable and sea levels were still low (Dennis, 1977; Thiede, 1978; Giraudi, 2004) . Colonization of empty areas is likely to be more rapid and successful than the process of replacement by introgressive hybridization (Hewitt, 2000) . Indeed, growth of invader genes in an island population could be impeded not only by rarity of immigrants across sea straits, but also by the potential lower vitality of hybrids as demonstrated between French and British populations of the Satyrinae Lasiommata megera (Olivier, 1972) . This phenomenon would bolster island inertia. The problem of a lower vitality of hybrids is not expected for a phalanx-like spread of lineages over mainland regions (as proposed for M. jurtina by Schmitt et al., 2005) .
Finally, climate change is a major factor in generating changes in species' geographical ranges; for thermophilous organisms, typically, expansions occur during warm phases and contractions during cold phases (Dennis et al., 1991) . Although not the only factor influencing range changes, climate change influences key biotic and abiotic environmental regimes through the availability of heat and water, underpinning, for example, the invasion of more competitive taxa into new ecological settings. For a temperate species such as M. jurtina, the glacial stage conditions could have led to the contraction in its distribution in North Europe, although likely facilitated expansion of populations at the southern range margins (North Africa, Sicily, and Southern Italy). Although both temperature and precipitation decline over Europe, in the Mediterranean, the lower temperatures resulted in lower evapotranspiration rates, whereas summer temperatures (in these high insolation level environments) would have remained suitable for adult butterfly activity. Such conditions could have favoured a particularly rapid dispersal of the species among these areas and the formation of a unique highly similar population. Allozyme variation and genitalic pattern on islands actually suggests the persistence of such an interconnected common refugium for several butterfly species in Southern Italy, North Africa, and Sicily.
CONCLUSIONS
In the western Palearctic, the Mediterranean zone holds a vital place where taxa and genes are preserved for thermophilous organisms during glacial phases and new clades are generated. It does this BIOGEOGRAPHY OF MEDITERRANEAN BUTTERFLIES 575 through the existence of refugia, isolated large blocks of land on which organisms can persist and continue to evolve during the severe cold phases prevalent in Europe north of the Alps (Dennis et al., 1991; Hewitt, 1999 Hewitt, , 2000 Schmitt, 2007) . However, it is clear that interactions among the populations from different refugial blocks also occur during postglacial range expansion; one outstanding issue is the incongruent findings from different genetic markers (Dapporto et al., 2009; Habel et al., 2009 Habel et al., , 2010 Dapporto, 2010a, b) . From their use, it is evident that colonization histories are far more complex than originally considered and it represents a complex combination of glacial, sudden postglacial, and recent dispersal events, which are more or less impeded by mountain chains and sea straits (Dapporto et al., 2009; Habel et al., 2009 Habel et al., , 2010 Habel et al., , 2011 Dapporto, 2010a, b) . Different aspects of colonization and evolutionary history emerge from their joint use, and we advocate multiple application of different markers in paleobiogeography reconstructions that search for evolutionary events and colonization pathways. In particular, a distributional pattern, widespread among butterflies, appears to suggest a broad cohesiveness in the West Mediterranean during the last glacial phase and a rapid postglacial invasion of the Italian Peninsula, presumably from the Balkan area, during more recent times.
